Studies in model organisms indicate that one in every five genes may be subject to cell cycle regulated transcription. Moreover, a high proportion of periodically expressed genes have discrete roles in the cell division process, and their peaks of expression coincide with the interval during which they function. This periodic transcription is commonly regulated by transcription factors that are also periodically transcribed, and there is a growing number of examples where the transcription factors and their targets are conserved in yeast and mammalian cells. As such, it is worth considering why these regulatory circuits persist in such great number, how they are achieved and what role they may play in the cell cycle.
evident that about 20% of Caulobacter genes are cell cycle regulated, their expression level peaking at times that are consistent with when they function [2] . Moreover, this strategy of temporally restricting transcription has been maintained throughout evolution.
Studies of the budding yeast Saccharomyces cerevisiae [3, 4] , have also shown that between 10 and 20% of its genes are transcribed during a specific interval of the cell cycle. The genes that are regulated in this way are typically genes involved in cell cyclespecific processes which are expressed at peak levels at the time when they are needed. Furthermore, this regulated expression is accomplished by transcription factors that are transcribed in a series of consecutive, interdependent waves. Although the data are far less complete for human fibroblasts, it appears that metazoans may employ a similar strategy [5] .
Cell Cycle Regulated Transcripts Predominate In Cell Cycle Regulated Events
Conventional methods of RNA measurement have been used over the last two decades to identify about 100 cell cycle regulated transcripts in budding yeast. However, the development of microarrays that enable transcript levels to be measured across the entire genome has dramatically expedited the identification of periodic transcripts. It is now feasible to obtain a comprehensive understanding of how the transcription profiles for all genes vary across the cell cycle in any population of cells that can be synchronized.
From the available data, it is already clear that an overwhelming number of the gene products involved in cell cycle-specific events are regulated at the transcription level. To illustrate this point, Figure 1 shows the key regulators of the budding yeast cell cycle as it progresses from M to G1 to S phase. In this diagram, all the complexes in which one or more of the components are transcribed in a cell cycle-specific manner are shown in color and each color represents a different phase of the cell cycle when their transcription peaks. Not only is it clear that cell cycle regulation of transcription is a common phenomenon, but the key regulators of the cell cycle are more often than not themselves regulated in this way.
In addition to the cell cycle regulators that are subject to phase-specific restriction of transcription, many of the structural and enzymatic activities that are involved in the cell duplication process are also cell cycle regulated at the transcription level. Histone genes, the products of which form nucleosome complexes on nascent DNA, were the first whose transcription was shown to be tightly coordinated and confined to S phase in human cells [6] and in budding yeast [7] . These early studies demonstrated that yeast and humans alike have evolved ways of regulating the synthesis of batteries of gene products involved in a common process such that they are coordinately transcribed just before they are needed.
A more recent example is the MCM genes, which encode a conserved family of proteins that form the pre-replication complex on DNA replication origins at the beginning of each cycle. The products of these genes are conserved in form and function from yeast to humans. In yeast, they are all transcribed in late M phase and early G1 by common promoter elements called 'early cell cycle boxes' (ECBs) [8] . In higher cells their transcription peaks in G1and may be E2F-mediated [9, 10] .
If It's Conserved, There's Usually a Good Reason
The key components of the cell cycle are typically regulated at multiple levels. The cyclins, for example, are regulated by cell cycle-specific transcription, activation, localization and degradation. As a result of this redundant regulation, defects in a single regulatory step rarely disrupt the cell cycle, so it is difficult to assess the importance of that regulation. One argument that is often used to evaluate the importance of a given process is whether or not it is conserved through evolution.
Gene products involved in DNA synthesis may be the largest conserved class of cell cycle-regulated transcripts. Many, if not most, components of the DNA synthetic machinery are stable proteins, which persist throughout the cell cycle, but they are transcribed in late G1/early S phase. It is generally believed that the de novo synthesis of these and other stable proteins at or before the time they are required has been maintained throughout evolution because cells typically encounter prolonged intervals of quiescence or stationary phase before entering the cell cycle. This is quite plausible, considering the largely stationary phase life style of a colonial microorganism or a tissue-bound cell of a metazoan. However, there are other possibilities.
With any reiterated, essential process like the cell cycle, the fidelity and efficiency of the process is just as important as the execution of the process itself. As noted above, the timely delivery of products through transcriptional regulation is likely to influence both the fidelity and efficiency of cell division. However, most of the assays commonly used to monitor the cell cycle -analysis of DNA content, cell size, budding, kinase activity, microscopy and so on -are not sufficiently quantitative to detect defects that occur in only a fraction of the cells. In the rare cases where quantitative differences have been measured, it is clear that many factors contribute to the fidelity and efficiency of cell division. Well over one hundred genes have been identified that influence chromosome transmission fidelity [11] [12] [13] . It has also been shown by systematic deletion analysis that 80% of yeast genes are not essential for growth in rich medium; but almost half of the mutants tested showed a significant fitness defect in a competitive growth assay [14] . Studies such as these offer a sobering, but perhaps more realistic view of the complexities of 'balanced growth'.
Cell cycle regulation of transcription can also affect the timing of specific transitions. This is evident during G1 of the yeast cell cycle, when two consecutive waves of transcription determine the timing of the G1-to-S transition. The genes CLN3 and SWI4, which encode respectively a G1 cyclin and a transcription factor, are coordinately transcribed and peak during late M/early G1 phase. The products of these genes are rate limiting for the induction of the next wave of G1 cyclin gene transcription, which in turn drives the transition to S phase. Diploid cells that are heterozygous for either CLN3 or SWI4, or cells in which the pulse of SWI4 transcription is delayed until late G1, suffer a measurable delay in the transition to S phase [15] . Current Biology nucleus and carry out its function. In this way, phasespecific modifications can be neutralized and a rapid shift in subcellular distribution can be achieved without the need for another phase-specific de-modification activity.
Identifying Periodic Transcripts
Genome-wide transcript measurements across the cell cycle in budding yeast has been a frontier for pioneering microarray technologies and methods for analysing microarray data. The first cell cycle microarrays were analyzed by visual inspection and 420 periodic transcripts were identified [3] . Later, three different synchronization methods were used to generate three more cell cycle data sets. Periodic transcripts were identified on the basis of their correlation to profiles of known periodic transcripts and on the averaged results obtained from Fourier transforms of each data series using a range of forty different values for the cell cycle span [4] . These analyses were carried out for each data set and the results were combined to generate what is called an aggregate CDC score for each gene. Genes were ranked by CDC score and a threshold was arbitrarily set, such that 91% of the transcripts previously shown to be periodic were included. 800 genes exceeded this threshold and were categorized as periodic. One quarter of the genes identified by visual inspection were not designated as periodic based on their CDC scores. Clustering [17, 18] , and refinements designed to reduce the impact of noise [19] , were also used to define periodic transcripts from these data, but no consensus has emerged. More recently, statistical modeling has been used to identify transcript profiles with single significant oscillations in phase with the cell cycle [20] . Using this 'single pulse model' (SPM), 254 genes were found to show significant periodicity in two or more data sets. This is clearly an underestimate of the number of periodic transcripts, because only half of the known periodic genes are included in this group. 834 additional genes exceed the SPM threshold for periodicity in only one data set and are thus considered candidate periodic genes. Together, these 1088 genes include 80% of the known periodic transcripts, but they include only 65% of the genes identified as periodic by their CDC scores.
This lack of consensus regarding periodicity stems in part from differences in the analytical approaches used, but another factor is the small number of samples taken per cell cycle and lack of multiple measurements at each time point. Artifacts from the use of different synchronization techniques and microarray technologies exacerbate the problem. Whatever the cause, it is clear that the 400,000 data points currently available are not sufficient to provide a comprehensive understanding of this aspect of the budding yeast cell cycle. However, most transcripts that show large oscillations within the cell cycle have been identified. The 800 transcripts with the highest CDC scores have been assigned to one of the five cell cycle phase groups -G1, S, G2, M and M/G1. These assignments, and all the primary data, are available at http://genome-www.stanford.edu/cgi-bin/cellcycle. In both studies, the immunoprecipitated chromatin was found to be enriched for DNA encoding cell cycleregulated genes, and a majority contained sequences related to the known binding sites for each transcription factor. But less than half of the putative targets of Swi4, Mbp1 and Swi6 were identified in both studies, and only about half of those potential target genes are categorized as cell cycle-regulated. This indicates that further study will be required to identify the subset of [8] . These genes are expressed in the interval between the two waves of transcription promoted by either element individually [8] . Moreover, they continue to be periodically transcribed in cells carrying defects in either pathway [8, 34] .
The prevalence of complex, combinatorial control makes ChIP analyses a crucial first step in the identification of the true targets of cell cycle-regulated transcription factors. However, we also require a reliable description of the transcription profile of each gene through the cell cycle, and robust methods for identifying promoter elements [52] . The identification of promoter elements is a particular challenge that will be greatly aided by the apparent conservation of these elements across divergent Saccharomyces species [53] . This information will enable the missing links in the transcriptional circuitry of the cell cycle to be identified and tested and will greatly accelerate our understanding of the cell cycle.
Is the Transcriptional Circuitry of the Cell Cycle Conserved in Metazoans?
In spite of the many gaps in our knowledge, the evidence is already overwhelming that budding yeast has evolved some common strategies for controlling transcript complexity during the cell cycle. These As in the case of SWI4, the E2F1 promoter contains E2F binding sites and its transcript is cell cycle regulated. E2F activity is modulated by its association with the retinoblastoma protein, Rb, which inhibits E2F and halts cell cycle progression [57] . The importance of the family of E2F transcription factors in regulating cell cycle progression is apparent from the high proportion of human tumors in which Rb is inactivated, either directly by mutation of the RB gene or indirectly by promoting Rb phosphorylation by cyclin-dependent kinases [58] . Swi4-Swi6 complexes are also activated by cyclin-dependent kinase activity [59] , but the mechanism is not understood.
More recently, another remarkable parallel has been observed between the yeast and mammalian forkhead proteins. FKH1 and FKH2 are transcribed during S and G2 phases in budding yeast, and among their transcriptional targets are two genes for B type cyclins, CLB1 and CLB2, and the polo kinase gene CDC5. These transcripts are activated during M phase and failure to express them causes mitotic arrest. Recent studies have shown that at least two forkhead family members are periodically expressed in proliferating mammalian cells [5, 60] . Moreover, the promoter of the mouse cyclin B1 gene is responsive to changes in forkhead protein levels [61] , and defects in Fkh activity can delay or prevent exit from M phase [62] . These similarities led investigators to the discovery that the promoters of the mouse genes for cyclin B and the polo kinase Plk contain Fkh binding sites, and that Fkh binding to these promoters could be detected in vivo by ChIP analysis [62] .
These data suggest that there are at least two phases in which mammalian transcription patterns show a remarkable degree of similarity to the transcriptional circuitry of the yeast cell cycle. Considering the high degree of conservation of other aspects of the eukaryotic cell cycle, it would be quite surprising if other parallels are not there to be found.
Conclusion
Logic dictates that reducing the complexity of transcripts at any given time during the cell duplication process would improve its fidelity and efficiency. There is little direct evidence for this assertion, but then little has been done to test it. What is clear is that both bacteria and yeast have invested considerable effort into doing just that. The transcriptional circuitry that has evolved is a series of consecutive and interdependent waves of transcription driven by transcription factors that are themselves cell cycle regulated. It is a simple, yet flexible strategy, with many opportunities for signaling inputs from external sources. Feedback loops have been incorporated which appear to coordinate critical events, and may buffer the cell cycle when conditions change. There are clearly gaps in our understanding, but there is no doubt that this is a general strategy that underlies the yeast and bacterial cell cycles and there is tantalizing evidence that the same may be true in higher cells as well.
